Solid deposits of amorphous hydrated silica are formed at specific intracellular and extracellular locations in many plant taxa, including all taxa in Triticeae. These deposits of silica are called phytoliths, literally meaning "plant-rocks." Many plants produce phytoliths with morphological characteristics that appear unique to a given taxon, a phenomenon giving them taxonomic significance. When plant tissue decomposes, any phytoliths formed are released into the surrounding environment thus becoming microfossils of the plants that produced them. Analysis of microfossil phytoliths can provide information to researchers in a wide variety of disciplines, including, archaeobotany, paleoecology, phytogeography and systematics. This paper reviews current methodologies and results of typologic and morphometric analysis of wheat and barley phytoliths.
Introduction
Monosilicic acid, Si(OH 4 ), in the soil, created from the weathering of rocks and the dissolution of biologically deposited silica is taken up by plants. Following uptake the acid is transported to various plant organs, where, in many taxa, some of it polymerizes to form solid silica deposits at specific intracellular and extracellular locations. These solid deposits of hydrated amorphous SiO 2 or opal have been given the name "phytolith," literally meaning "plant-rocks." As the acid solidifies, the resulting phytoliths take on the shape of the cell or tissue in which they form. Thus many plants produce phytoliths with characteristic shapes and sizes, giving them taxonomic significance.
Much of early phytolith research focused on biological concerns. The formation and deposition of phytoliths in various cereal grasses was investigated (e.g. Blackman 1968 , 1969 , Blackman and Parry 1968 , Hayward and Parry 1973 , Hodson and Sangster 1989 , Hutton and Norrish 1974 , Jones and Handreck 1965 , Kaufman et al. 1972 , Soni and Parry 1973 , the role of phytoliths in plant resistance to disease and insects was studied (e.g. De Silva and Hillis 1980 , Djamin and Pathak 1967 , Hanifa et al. 1974 , Jones and Handreck 1967 , Kunoh and Ishizaki 1975 , Lanning 1966 and the detrimental effects of ingested phytoliths on herbivores and humans was analyzed (e.g. Baker 1961 , Baker et al. 1959 , Bezeau et al. 1966 , Bhatt et al. 1984 , Forman and Sauer 1962 , Harbers et al. 1981 , O'Neill et al. 1982 , Parry and Hodson 1982 . More recent research has focused on phytolith chemistry and composition (e.g. Blecker et al. 2007 , Elbaum et al. 2009 , Fraysse et al. 2009 ) and the application of phytolith analysis in archaeobotanical, paleoecological and phytogeographical research.
When a plant decays, even if it is burned, buried, or ingested, its inorganic phytoliths persist and are released into the environment, maintaining their morphological integrity. Thus they become a microfossil of the plant in which they formed. Fossil phytoliths can be collected from fresh plant tissue using wet oxidation or dry ashing techniques, from paleosols exposed by erosion or excavation using heavy liquid flotation (e.g. Alam et al. 2009 , Albert et al. 2009 , Barczi et al. 2009 , Boyd 2005 , Horrocks and Rechtman 2009 , Horrocks and Wozniak 2008 , Iriarte 2006 , Kawano et al. 2007 , Lu and Liu 2005 , Morris et al. 2009 , Osterrieth et al. 2009 , Piperno 1988 ), from ceramics and bricks made from clay upon which vegetation once grew, or to which plant fibers were added, from tooth tartar and coproliths of herbivores (e.g. Armitage 1975 , Bryant 1974 , Ghosh et al. 2008 , from food residues (e.g. Anderson et al. 2000 , Berlin et al. 2003 , Boyd et al. 2008 , Hart and Matson 2009 , Zarrillo et al. 2008 , and from the surface of tools used to process plants and/or plant parts (e.g. Anderson 1980 , Kamminga 1979 . Phytoliths can range from a few to several hundred microns in size and can be viewed, measured and analyzed using light microscopy, electron microscopy and laser confocal microscopy. For a description of typical laboratory procedures for extracting and analyzing phytoliths from modern plants and archaeological Once collected and analyzed, fossil phytoliths can provide researchers with significant information and insights. In reviewing the value and advances of phytolith research Rovner (1983) suggested that it has the potential to become a second palynology. Recent research demonstrates that his prediction has become a reality. Fossil phytoliths are now used for the reconstruction of paleoenvironments (e.g. Alam et al. 2009 , Barczi et al. 2009 , Boyd 2005 , Bremond et al. 2005 , 2008a , 2008b , Delhon et al. 2003 , Evett et al. 2007 , Fernandez et al. 2006 , Gil et al. 2007 , Ghosh et al. 2008 , Gu et al. 2008 , Iriarte 2006 , Iriarte and Paz 2009 , Lu et al. 2006 , Lu and Liu 2005 , Morris et al. 2009 , Neff et al. 2006 , Singh et al. 2007 , Thorn 2004 , as indicators of ancient industrial and agricultural practices (e.g. Cabanes et al. 2009 , Horrocks and Rechtman 2009 , Horrocks and Wozniak 2008 , Petoe et al. 2008 , Tsartsidou et al. 2008 ), to locate occupation surfaces and plant use at excavations (e.g. Albert et al. 2003 , Berna and Goldberg 2007 for tracing the origins and developments of cultigens (e.g. Anderson et al. 2000 , Berlin et al. 2003 , Holst et al. 2007 , Horrocks and Rechtman 2009 , Itzstein-Davey et al. 2007 , Jin et al. 2007 ) and for radio carbon studies (e.g. Carter 2009 ). Pearsall (1989) and Piperno (1988) point out that phytolith analysis is especially valuable to researchers at sites of study where other plant remains are absent. They further indicate that when fossil phytoliths are used in conjunction with other plant remains, they add precision and support for any interpretations made.
Systematics or classification of phytoliths is a crucial area of phytolith research. The potential for phytoliths in systematics was demonstrated early by researchers such as Metcalfe (1960) , and Prat (1932) , who used phytoliths as taxonomic features of grass epidermis. However, to date, fossil phytolith classification tools that provide taxonomic resolution at the genus and species level are rare or lacking. A standard nomenclature for describing and naming phytoliths was not published until 2005 (Madella et al. 2005) . Today researchers continue to name and describe phytoliths produced by a wide variety of taxa (Ball et al. 2007 , Barboni et al. 2007 , Carnelli et al. 2004 , Fernandez et al. 2006 , Iriarte and Paz 2009 , Tsartsidou et al. 2007 , Wallis 2003 , but much work is needed in this area to access the full potential of phytolith analysis.
Both typologic and morphometric paradigms have been used to classify fossil phytoliths. Typologic approaches describe phytoliths in terms of general shape (e.g. saddles, bilobates, cross-bodies, etc.), or plant part or tissue that produces the type (e.g. prickles, stomata, silica cell, etc.). Morphometric approaches describe phytoliths in terms of measurements of size (e.g. length, width, area, perimeter, etc.) and shape (e.g. roundness, formfactor, convexity, etc.). Typologic descriptions are generally used by researchers to identify and/or distinguish between taxa that produce different individual or suites of phytolith types (e.g., Kaplan et al. 1992, Mulholland and Rapp 1992) . For example, maize can be distinguished from wheat typologically because maize produces bilobate and cross-body type phytoliths while wheat does not. Morphometric descriptions are used by researchers to identify and/or distinguish between taxa (especially closely-related taxa like wheat and barley) that do not produce different types of phytoliths, but whose phytoliths of the same type have different measurements or mean measurements (e.g. Albert et al. 2009 , Berlin et al. 2003 , Ball et al. 1999 , 2001 , Hart and Matson 2009 , Pearsall et al. 1995 , Tubb et al. 1993 ). Both typologic and morphometric descriptions of the phytoliths produced by wheat and barley are offered below.
Typologic Descriptions of Wheat and Barley Phytoliths
Silica cell phytoliths ( Fig. 1A) . Phytoliths produced by the accumulation of silica in the lumen of epidermal silica or short cells in lamina, culm, and inflorescence tissue; top surfaces concave, comparatively smooth in texture (as seen in Scanning Electron Microscope, SEM), ranging from nearly round to oblong to ovate in shape; bottom surfaces concave to flat to convex, granular in texture, lacking the clean lines of the top surfaces, with shapes ranging from narrowly oblong to filiform, as well as nearly round, oblong, elliptical, and ovate; side surfaces granular, generally narrowing towards the bottom surface; also called short cell phytoliths, rondels, or short trapezoids; a robust phytolith type often persisting as a microfossil.
Prickle phytoliths ( Fig. 1B and 1C ). Phytoliths produced by the accumulation of silica in epidermal prickles in lamina, culm, and inflorescence tissue; range from small relatively short, conical to scutiform-shaped phytoliths with acute to papillate tips up to large, stout, strongly reflexed prickle phytoliths; generally broader at the base than tall; bases round to oblong with sinuous to irregular margins; often remain articulated with adjacent cells; papilla phytoliths (those prickles with papillate tips) often abundant.
Hair cell phytoliths (Fig. 1D) . Phytoliths produced by the accumulation of silica in cell walls, tips, and/or lumen of hair cells in lamina, inflorescence, and less often culm tissue; range from small, fragile hairs to large (600+ µm) macrohairs; generally filiform, narrower at the base than tall.
Trichome base phytoliths (Fig. 1E ). Phytoliths produced by silicification and subsequent disarticulation of the base of hair cells and prickles in lamina, culm, and inflorescence tissue; round to oblong in shape with margins ranging from entire to sinuous; frequently having a row of pits circling just inside the outer margin.
Sheet elements (Fig. 1F ). Large phytoliths consisting of sections of articulated silicified epidermal tissue; often thin and fragile; cell margins ranging from entire to sinuate to undulate; when undulate, adjacent lobes or waves equal, subequal, or uneven in height and width depending on the species (Rosen 1992) .
Long trapezoids (Fig. 1G ). Phytoliths produced by accumulation of silica in the lumen of epidermal long cells in lamina, culm, and inflorescence tissue; long (100+ µm), rectangular to trapezoid in shape with concave to convex ends and sides; those with winged or alate processes traversing the entire length of the corners of the four sides and having flat to concave ends and sides produced only by accumulation of silica in the lumen of long cells located between epidermal hairs of lamina tissue.
Long-short cells (Fig. 1H ). Phytoliths produced by lumina silicification of either long silica cells, or short epidermal long cells primarily in culm and lamina tissue; rectangular to trapezoid in shape, 60 to 100 µm in length, margins usually sinuate; ends usually convex.
Dendritic phytoliths (Fig. 1I ). Phytoliths produced by silicification of inflorescence bract epidermal long cell lumina; rectangular to oblong in shape; elliptical to oblong in cross-section; with long (to 20+ µm) dendritic processes extending laterally outward on opposite sides formed by silicification of intercellular connections.
Subepidermal rod phytoliths. Phytoliths produced by silicification of cell walls, and/or luminae of subepidermal cells and vascular tissue in culm, lamina, and inflorescence tissue; rod shaped; up to 700 µm in length; round to oblong in cross-section; often ornamented with various-shaped processes formed from the silicification of intracellular connections and pits; processes generally found around the entire circumference of the rod, aculeate, clavate, slightly dendriform, verrucate, cratiform, and/or tuberculate in shape; verrucate and cratiform processes often in rows along the length of the rods.
Other types. Many other types of tissue and cells may silicify in wheat and barley. Among the more recognizable types so produced are stomata, mesophyll, vascular, and bulliform phytoliths.
Morphometric Descriptions of Wheat and Barley Phytoliths
Typical morphometries (measurements of size and shape) analyzed by researchers are listed in Table 1 . Table 2 reports some of the more diagnostic morphometries of some of the types of phytoliths produced by the inflorescence bracts of selected species of wheat and barley (Triticum monococcum, T. dicoccon, T. dicoccoides, T. aestivum, Hordeum vulgare and H. spontaneum; Table 3 ). For more complete morphometric descriptions by individual species and morphometry based classification tools see Ball et al. (1999) .
While morphometries of phytolith shape appear to remain consistent within a given taxa of wheat and barley, morphometries of size demonstrate some variance. For example, within the genus Triticum measurements of phytolith size typically increase with ploidy. Thus the hexaploid Triticum aestivum produces larger phytoliths than the tetraploid T. dicoccon, which in turn produces larger phytoliths than the diploid T. monococcum (Table 4) . Within a species, Table 3 for complete list of accessions. Values are measurements taken from a minimum of 2000 individual phytoliths of each type. measurements of phytolith size may also vary with environmental conditions but usually not significantly so, unless comparing samples from marginal habitats for the taxa (Ball and Brotherson 1992) . Using morphometric data Ball et al. (1999) were able to develop discriminate functions and classification keys to identify and discriminate between phytoliths produced by the inflorescences of Triticum monococcum, T. dicoccon, T. dicoccoides, T. aestivum, Hordeum vulgare and H. spontaneum at both the genus and species level. In subsequent tests of these classification tools on a total of 40 accessions (at least three from each species) all accessions were correctly identified at the genus level and 94% were correctly identified at the species level. These tools have subsequently been used in archaeobotanical studies to identify T. monococcum in food residues taken from a Bronze Age jar excavated in Ishnari, Iraq, and to identify T. aestivum in food residues recovered from two second century B.C. storage jars found in an Egyptian administrative building at Tel Kedesh in northern Israel.
Future Research
Improvement and refinement of wheat and barley phytolith research will require continued morphometric analysis of additional accessions of those taxa studied to date, as well as analysis of other taxa in Triticeae. For example, we note that in the diploid barleys studied, Hordum spontaneum produces larger phytoliths than H. vulgare, suggesting that domestication of diploid barley may reduce phytolith size. Further study of other diploid barley's as well as analysis of phytoliths produced by the diploid wheat taxa T. urartu and T. boeoticum compared to T. monococcum may further inform our understanding of the effect of domestication on phytolith size in diploid taxa. As phytolith morphometric data basis are so expanded and classification tools refined, analysis of fossil phytoliths will become an increasingly more significant tool for researchers.
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